The exclusive ability of laser radiation to be focused inside transparent materials makes lasers a unique tool to process inner parts of them unreachable with other techniques. Hence, laser direct-write can be used to create 3D structures inside bulk materials. Infrared femtosecond lasers are especially indicated for this purpose because a multiphoton process is usually required for absorption and high resolution can be attained. This work studies the modifications produced by 450 fs laser pulses at 1027 nm wavelength focused inside a photostructurable glass-ceramic (Foturan ® ) at different depths. Irradiated samples were submitted to standard thermal treatment and subsequent soaking in HF solution to form the buried microchannels and thus unveil the modified material. The voxel dimensions of modified material depend on the laser pulse energy and the depth at which the laser is focused. Spherical aberration and selffocusing phenomena are required to explain the observed results.
Introduction
Femtosecond lasers can produce micrometric size modifications inside transparent materials [1] . Because the energy gap transitions between valence and conduction bands of transparent materials are larger than the photon energy, the femtosecond laser pulses must be tightly focused with high NA lenses to promote non-linear absorption processes such as multiphoton absorption or tunnel ionization [2] . In these cases, the volume where absorption occurs is considerably reduced compared with the linear absorption case. Thus, femtosecond lasers become the best instrument for 3D directwrite fabrication, allowing producing waveguides, optical, MEMS and microfluidic devices integrated inside the same material with a single tool [3] .
Foturan ® is a photostructurable glass-ceramic first designed for microchannel production through photolithographic processes [4] . Basically, it is a lithium silicate glass doped with cerium ions as photosensitive agent and silver ions for promoting glass crystallization once photosensitized with UV radiation. The transformed crystalline phase is preferentially etched in HF solutions at recommended concentrations in the range 5-10% in front of the amorphous glass phase. Thus, micrometric channels can be formed on its surface. However, a laser can be used to locally deliver photons able to photosensitize Foturan in substitution of the UV lamp illumination and the photolithographic masks. In this way, patterns * Corresponding author.
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can be written not only on the surface but inside the bulk, adding 3D capabilities to the Foturan microfabrication. Excimer and Nd: YAG lasers with nanosecond pulses and UV wavelengths, as well as femtosecond pulsed lasers with infrared wavelengths have been used for Foturan microfabrication [5] [6] [7] [8] [9] [10] .
In the work presented here, we investigate the formation of microchannels buried at different depths in Foturan slides after irradiation with 450 fs laser pulses of 1027 nm wavelength. The microchannel dimensions are compared with calculated intensity profile distribution of the focused beam inside Foturan to investigate the mechanisms that could affect the resolution of the technique, especially in the direction of the propagating beam.
Experimental procedures
Foturan ® slides from Mikroglas Chemtech GmbH with 1 mm thickness were cut into 1 cm × 1 cm squares. A femtosecond laser source delivering pulses of 450 fs with central wavelength of 1027 nm was focused through a ×50 objective with 0.55 NA into the samples at a controlled depth for promoting Foturan photomodification. The laser beam had a Gaussian intensity profile with quality factor M 2 of 1.2. Buried microchannels were prepared by moving samples horizontally while irradiating with the laser, leaving 10 m between consecutive laser pulses. Series of microchannels buried at different depths and at different laser pulse energies were marked in a same sample square. Afterwards, samples were submitted to standard thermal treatment: first, temperature was raised up to 500 • C with a ramp of 5 • C/min and kept at 500 • C for 1 h; immediately after, it was further increased up to 600 • C at 3 • C/min and held at 600 • C for another hour; and finally, temperature was decreased down to room temperature at 5 • C/min. After thermal treatment, samples were cut in a plane perpendicular to the microchannels with a slow speed diamond saw to allow direct exposure to modified material for the final etching step. Selective etching was performed by immersion of the samples in 10%HF solution with ultrasonic agitation. In order to study the time evolution, the etching process was interrupted at different times by rinsing samples in distilled water for their inspection at the microscope.
To clarify notation henceforth, the z axis corresponds to the beam propagation direction; the x axis corresponds to the longitudinal direction of the microchannels; and consequently, the y axis corresponds to the direction perpendicular to the z axis in the cross-section plane of the microchannels (Fig. 1). 
Results
Optical microscopy inspection of microchannel formation reveals that chemical etching advances along the microchannel (x direction) at similar speed for most of the irradiation laser pulse energies (Fig. 1) . Microchannels cross-section is elongated along the laser beam direction (z direction), with this dimension increasing with the laser pulse energy used during irradiation. Measurement of microchannels length at three different etching times allowed to determine the etch rate for the different pulse energy conditions (Fig. 2) . Only the microchannel irradiated with 0.1 J pulses presents an etch rate below 30 m/min. For the rest of conditions, the etch rate slowly increases with laser pulse energy from 35 to 41 m/min. The described cross-section shape rapidly appears after the first seconds under immersion in the 10%HF solution, and it continues growing by etching the microchannel wall at an etch rate of about 0.7 m/min which is similar to that found for non-irradiated material [10] . The corresponding etch rate ratios of modified Foturan versus non-irradiated Foturan can be then calculated (Fig. 2) . Concomitantly with the etch rate, their values slowly increase with laser pulse energy above 0.2 J, reaching maximum etch rate ratios of 58, similar to those obtained in the fabrication of microchannels in the laser incidence direction [10] . Fig. 3 shows the cross-section view of a sample with series of microchannels formed at different focusing depths with different pulse energies. When laser pulse energy is above 0.4 J, the zlength of the microchannels cross-section increases with the depth at which the microchannel is buried with respect to the first surface that the laser beam is crossing. However, at lower energies, this length remains nearly constant or is sometimes reduced with increasing depth down to the limit that microchannels were not developed at a certain depth in the lowest pulse energy series. Because cross-section dimensions were continuously growing during the etching process, we extrapolated their values at t = 0, and assumed that they corresponded to the voxel dimensions of the laser modified material. Voxel sizes as small as 2 and 10 m in the y and z directions, respectively, were found. Plot of the z-length of modified material (L Z0 ) vs depth (Fig. 4) shows an exponential relationship for microchannels made with the same pulse energy, except for those made with the lowest pulse energies (0.21 and 0.16 J). Moreover, L Z0 increases logarithmically with increasing pulse energy (Fig. 5) . 
Discussion
Results show that the cross-section shape of the microchannel, especially its z-length, changes depending on the depth at which it is buried. Because the observed differences must be related to the laser voxel shape, it becomes clear that the intensity distribution of the focused beam suffers some distortion when propagating through the Foturan sample. It is an unavoidable fact that a refrac- tive indices mismatch induces spherical aberration. Therefore, this is the first effect that we have considered. For this, the intensities inside the sample were computed on the basis of the scalar theory of diffraction [11] , which is good enough approximation at the focusing conditions of this work. We assumed that a Gaussian beam, defined by its waist radius, impinged normally from air into Foturan. According to the depth where the laser was focused, the Gaussian beam had a certain beam radius and wavefront curvature at the interface. Because of refraction at the interface, the beam curvature changed and, besides, acquired spherical aberration [12] . Then, the aberrated beam was propagated from the interface by means of standard computational procedures for scalar diffraction and the isophotes were computed near the focusing regions. Details about the computation procedure can be found in Ref [13] . Fig. 6 shows the obtained intensity profiles along the beam axis calculated for 450 fs laser pulses of 0.2 J, focused into Foturan at depths corresponding to the experimental conditions of the sample presented in Fig. 3 . An example of isophote distribution in the yz plane is shown in insert of Fig. 6 . As it can be seen, spherical aberration produces distortion of the beam intensity distribution promoting an enlargement along the propagation beam axis, z, together with a decreasing of the maximum peak value with the increasing focus- ing depth. The intensity distribution when using different pulse energies is basically the same except for a proportional multiplying factor. The depth at which the calculated maxima appear corresponds quite well with the position where microchannels were formed (Fig. 6 ). However, it has not been possible to identify a unique intensity threshold value that matches the measured size of all the photosensitized cross-section areas. Our simulations show that spherical aberration produces stronger intensity distribution enlargement and stronger peak decrease than required to fit the experimental results. Laser beam deviations from the Gaussian profile may contribute to these differences. Moreover, self-focusing can be also involved in counteracting the intensity dispersion produced by spherical aberration. Self-focusing is a non-linear process that takes into account the refractive index dependence with light intensity and that often appears when working with femtosecond laser pulses [14] [15] [16] [17] [18] [19] . Above a critical power value, the Gaussian intensity profile of the beam induces a refractive-index variation within the material that acts as a converging lens that promotes additional focusing. At 1027 nm wavelength the critical power for self-focusing in Foturan can be estimated in between 1.3 and 2.6 MW [16] [17] [18] [19] . Thus, for pulse energies above 0.6 J this mechanism may compensate for the spherical aberration one, allowing the photomodification of material at depths and energies that otherwise should not occur.
Conclusions
Microchannels can be fabricated in Foturan slides buried at different depths with femtosecond laser pulses at 1027 nm wavelength. Microchannel cross-section is elongated along the laser beam direction. The microchannel size along this direction can be controlled through adjustment of the pulse energy for the different depths. The voxel size in this direction follows a logarithmic relationship with pulse energy, and an exponential relationship with focusing depth. However, real microchannel cross-section sizes will always be larger than voxel sizes because continuous wall etching during microchannel formation. Computation of the propagation of a Gaussian beam taking into account the spherical aberration mechanism occurring at the air-Foturan surface gives good agreement with the positions at which microchannels are formed. However, self-focusing should also be considered as a counteracting mechanism in order to explain the smaller real voxel size and the presence of some microchannels at large focusing depths that should not be formed if only spherical aberration is taken into account.
